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E-mail address: unesp@hotmail.com (A. Wong).A biomimetic sensor based on a carbon paste electrode modiﬁed with the nickel(II) 1,4,8,11,15,18,22,25-
octabutoxy-29H,31H-phthalocyanine complex was developed as a reliable alternative technique for the
sensitive and selective analysis of the herbicide diuron in environmental media. The sensor was evalu-
ated using cyclic voltammetry and amperometric techniques. The best amperometric responses were
obtained at 750 mV vs. Ag/AgCl (KClsat), using 0.1 mol L1 phosphate buffer solution at pH 8.0. Under
these conditions, the sensor showed a linear response for diuron concentrations between 9.9  106
and 1.5  104 mol L1, a sensitivity of 22817 (±261) lA L mol1, and detection and quantiﬁcation limits
of 6.14  106 and 2  105 mol L1, respectively. The presence of the nickel complex in the carbon paste
improved selectivity, stability, and sensitivity (which increased 700%), compared to unmodiﬁed paste.
The applicability of the sensor was demonstrated using enriched environmental samples (river water
and soil).
 2012 Elsevier B.V. All rights reserved.1. Introduction
Diuron (N-(3,4-dichlorophenyl)-N,N-dimethylurea) is a herbi-
cide widely used for controlling weeds in crops of soybeans, cotton,
sugarcane, citrus fruits, wheat, and coffee, as well as along airport
runways, railways, and pipelines. It is marketed in Brazil under
various tradenames: Karmex, Direx, Cekiuron, Crisuron, DCMU,
Diater, Dichlorfenidim, Direx 4L, Diurex, Dynex, Krovar, Unidron,
and Vonduron [1–3].
Although its use on crops can improve yields and proﬁt mar-
gins, diuron (Chart 1) can cause environmental impacts, affecting
algae, fungi, plants, and mammals. In humans, exposure to diuron
results in the formation of methemoglobin in the blood, as well as
liver and spleen abnormalities. Diuron also acts as an endocrine
disruptor that interferes in the processes of release, transport,
and disposal of natural hormones in the body [4,5]. It is known that
the compound presents acute and chronic toxicity, teratogenicity,
mutagenicity, carcinogenicity, and genotoxicity [6], especially in
mammals but also in ﬁsh, birds, and invertebrates.
Diuron has low solubility in water, and when applied to the soil
tends to accumulate. The half-life of the herbicide ranges from 90
to 180 days in soil [7], where its persistence is mainly attributed to
a combination of three factors, namely its chemical stability, low
water solubility, and strong soil sorption [8]. Heavy rainfall causesll rights reserved.leaching of diuron, leading to groundwater pollution due to its
slow rate of removal; it can therefore be found in many environ-
ments, including soil, sediments, and water [6].
In Brazil, the CONAMA 357 norm and ordinance No. 518 of the
Ministry of Health [9], which establish maximum limits for con-
taminants in water, do not include most of the pesticides currently
in use, including diuron [10]. However, several international stan-
dards limit the maximum concentration of diuron in treated water.
For example, in Canada, Australia, and the US, diuron concentration
limit values are 150, 30, and 10 lg L1, respectively [10], while the
European Community recommends a maximum concentration of
pesticides in treated water of 0.5 lg L1 [11,12].
Due to the serious effects that pesticides such as diuron can
have on humans and other living organisms, there is a continuing
need for the monitoring of levels of these substances in the envi-
ronment, especially in waters and soils liable to pesticide contam-
ination. A variety of analytical methods for the monitoring of
diuron have been reported in the literature. These include chro-
matographic, spectrometric, ﬂuorimetric, capillary electrophoretic,
and electrochemical techniques [13–17].
Analytical methods based on electrochemical sensors and bio-
sensors can be a viable alternative for the monitoring of pollutants
in the environment, offering selectivity, sensitivity, low cost, porta-
bility, and the possibility of miniaturization [18,19]. As a result, the
development of electrochemical (bio)sensors is one of the most
rapidly expanding areas in analytical chemistry, mainly due to
the new challenges involved in the analysis of industrial, clinical,
and environmental samples [20–22], which require the use of
Cl
Cl
NH N
CH3
CH3
O
Chart 1. Chemical structure of diuron.
NN
N
N
NN
N+
Ni2-
N
R
R R
R
R
RR
R
O
Chart 3. Chemical structure of nickel(II) 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-
phthalocyanine.
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type of sensor that satisﬁes these criteria, and has been extensively
investigated, is the biomimetic sensor based on mimicking of re-
dox enzymes [23,24].
The principle of biomimetic sensors relies on the recognition of
substrates by ‘‘artiﬁcial’’ enzymes [24]. Conﬁgurations that have
been proposed in the literature range from modiﬁcation of natural
coenzymes or enzyme cofactors, to the synthesis of compounds
that act as models of enzymes, using supramolecular chemistry
techniques [23,24]. An artiﬁcial enzyme carries out the same pro-
cesses performed by the biological catalyst, but not necessarily fol-
lowing the same mechanism. Many of the artiﬁcial enzymes
described in the literature show interesting redox behavior,
although there have been only a few reports of the use of these
compounds as recognizers in the construction of biomimetic sen-
sors [25–27].
Biomimetic sensors based on the use of artiﬁcial redox enzymes
have been used to develop more stable and durable amperometric
detectors. Compared to biosensors, advantages of these devices in-
clude better availability and stability, as well as lower cost. They
offer improved electron transfer between the electrode/active site
(biomimetic catalyst/substrate) [24], while maintaining or even
improving the selectivity shown by enzymatic systems. The use
of biomimetic sensors is especially advantageous for pesticide
analysis, since the enzymes commonly used to detect pesticides,
such as acetylcholinesterase [28], tyrosinase [29] and peroxidase
[30] are not selective for an only analyte, instead are selective for
a group analytes with similar structure, such as the class of the car-
bamate or organophosphate pesticides, since that the response of
these enzymatic biosensors is based on the enzymatic activity inhi-
bition, being this last characteristic a further advantage of the bio-
mimetic sensors, since the signal obtained using these devices is
direct, rather than derived from an inhibition relationship.
The P450 enzymes, a family of enzymes belonging to the heme
protein group, are involved in the metabolism of many drugs, ste-
roids, and carcinogens in living organisms including mammals,
bacteria, fungi, insects, and ﬁsh [31]. All the P450 enzymes contain
a common active site, iron protoporphyrin IX (Chart 2), which cat-
alyzes numerous chemical reactions in organisms, usually produc-
ing metabolites that are physiologically essential or beneﬁcial [32].N
N
COOH
N
N
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Chart 2. Chemical structure of iron protoporphyrin IX.These reactions include the degradation of xenobiotics such as pes-
ticides and endocrine disruptors, as well as the metabolism of
drugs and exogenous hormones [32,33].
Mimicking of the P450 enzyme would enable a biomimetic sen-
sor to detect a wide variety of compounds that are catalyzed by
these enzymes. A viable procedure to mimic the P450 active site
is to use compounds derived from porphyrins and phthalocyanines
of iron or other metals [34–38]. In this context, complexes as iron
(II) phthalocyanine bis(pyridine) [39], cobalt phthalocyanine [40],
iron (III) phthalocyanine chloride [25] and iron (III) tetrapyridino-
porphyrazine [27] have been satisfactorily used as electrochemical
modiﬁers in biomimetic sensors for monitoring of environmental
emergent pollutants, such as drug [39,40], hormone [27] and sun-
screens [25]; or in solution in homogeneous catalysis for oxidation
of metribuzin using the iron (III) 5,10,15,20-tetraarylporphyrin
chloride [36], and in heterogeneous catalysis for carbamazepine
[38] using iron and manganese porphyrins supported on amino-
functionalized matrices.
However, although the literature reports that metallic porphy-
rins and phthalocyanines can mimic the P450 enzymes, in con-
struction of optical sensors for pesticides like pentachlorophenol
used zinc phthalocyanines [41] or paraquat used manganese (III)
meso-tetrakis (N,N0-diethylimidazolium-2-yl) porphyrin in solu-
tion [42], at our knowledge no work has been described for use
of these macromolecules for the development and application of
biomimetic sensors for pesticides, such as diuron.
On these bases, the present work, describes the use of the nick-
el(II) 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine
complex (Chart 3), which has a chemical structure similar to that
of iron protoporphyrin IX, as a P450 enzyme biomimetic catalyst.
The complex was used to develop a biomimetic sensor for the
selective and stable electrochemical detection of the herbicide
diuron.2. Materials and methods
2.1. Reagents and solutions
The reagents used in this work were either analytical or HPLC
grade. All aqueous solutions were prepared with deionized water
(18 MX cm at 25 C) obtained from a Milli-Q Direct-0.3 (Millipore)
puriﬁcation system. Nickel(II) 1,4,8,11,15,18,22,25-octabutoxy-
29H,31H-phthalocyanine, 2,4-D, carbofuran, thiram, chlorpyriphos,
diuron, metribuzin, hexazinone, ametrin, profenophos, carbenda-
zim, mineral oil, graphite powder (<20 lm), and acetonitrile were
acquired from Sigma–Aldrich. NaOH was obtained from Synth-
Brazil.
A 5.0  103 mol L1 diuron stock solution was prepared by dis-
solving 0.012 g of the compound in 10.0 mL of a solution prepared
by mixing water and acetonitrile in a 4:1 (v/v) ratio, since diuron is
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was achieved by sonication for 1 min.
The electrolyte solution was produced by mixing phosphate
buffer (prepared from sodium dihydrogen orthophosphate and
NaOH) and acetonitrile in a 4:1 volumetric ratio, in order to avoid
the inﬂuence of acetonitrile in the electrochemical measurements.
The 4:1 volumetric ratio was chosen in order to use the smallest
possible amount of organic solvent in the electrolyte, while at
the same time guaranteeing complete dissolution of the analyte
during the measurements.
2.2. Electrochemical measurements
All voltammetric and amperometric measurements were per-
formed using a Potenciostat model micro-Autolab type III (Auto-
lab/Eco Chemie) ﬁtted with an electrochemical cell containing
three electrodes: a commercial Ag/AgCl (KClsat) reference electrode
(Analion), a platinum wire as the counter electrode, and a modiﬁed
carbon paste electrode as the working electrode (WE).
2.3. Construction of the biomimetic sensor
2.3.1. Preparation of the electrode based on modiﬁed carbon paste
The proposed biomimetic sensor was constructed using the
organometallic complex (nickel(II) 1,4,8,11,15,18,22,25-octabut-
oxy-29H,31H-phthalocyanine). The carbon paste was prepared by
homogenizing 100 mg of graphite powder, 30 mg of the organome-
tallic complex, and 1 mL of 0.1 mol L1 phosphate buffer (pH 7.0).
The mixture was dried at room temperature for 24 h, after whichN
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Chart 4. Chemical structures of pesticidesmineral oil was added to obtain a paste. The paste was then in-
serted into the cavity (4 mm i.d., 1 mm depth) of the glass working
electrode, where a Pt disk was used to provide the contact. The
sensor response was evaluated using complex/paste mass ratios
ranging from 13% to 37.5%.
2.3.2. Selectivity experiments
The selectivity of the proposed sensor was evaluated from the
analysis of 11 pesticides (Chart 4), in addition to diuron, using
cyclic voltammetry in the potential range of 0.3 to 1.0 V, at
50 mV s1, in order to identify whether any catalytic processes
occurred with the pesticides. Amperometry was used to quantify
(if possible) the pesticides, applying a potential of 750 mV vs.
Ag/AgCl. All the 1.0  104 mol L1 pesticide stock solutions
were prepared using the 4:1 (v/v) mixture of deionized water
and acetonitrile.
2.3.3. Application of the biomimetic sensor using environmental
samples
The proposed amperometric sensor was evaluated using analy-
ses of enriched samples of water from three rivers, and one fertile
soil (collected at three different depths). All samples were collected
in the region of Araraquara, in the interior of São Paulo State (Bra-
zil). All samples were enriched with 5.0  105 mol L1 diuron. For
sample preparation, simple conventional ﬁltration was performed
to remove insoluble substances, and the analyte was extracted into
the water/acetonitrile solution. Recoveries were calculated after
quantiﬁcation of diuron in the samples using the standard addi-
tions method.an
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Table 1
Parameters evaluated during optimization of the proposed biomimetic sensor for
diuron quantiﬁcation.
Parameters evaluated
Amount of complex in
the paste/% (w/w)
13 23 31a 37.5 – –
pH 6.0 6.5 7.0 7.5 8.0a 8.5
Buffer Acetate Phosphatea TRIZMA Pipes TRIS BR
(Phosphate)/mol L1 0.01 0.025 0.05 0.075 0.1a 0.15
Potential vs. Ag/AgCl/mV 600 650 700 750a 800 850
a Optimized value. BR: Britton–Robson buffer.
0
1
2
3
Δi
 / 
μΑ
0
1x10-6
2x10-6
3x10-6
i /
 A
9.9 x 10-6 mol L
-1
0 50 100 150
86 A. Wong et al. / Journal of Electroanalytical Chemistry 690 (2013) 83–883. Results
3.1. Electrochemical characterization and optimization of the
biomimetic sensor
Firstly, the electrochemical characterization of the proposed sen-
sor in the presence of diuronwas carried out using cyclic voltamme-
try (Fig. 1), in order to evaluate the catalytic effect of the Ni-complex
on the sensor response. Comparison of the cyclic voltammograms
obtained in buffer solution (electrolyte) and in a solution containing
diuron revealed an irreversible oxidation from 690 mV, suggesting
that the sensor response for diuron is electrocatalytic.
In order to use the sensor for quantiﬁcation of diuron, its prep-
aration and response were optimized using amperometry. Thus,
two experiments were carried out to determine the inﬂuence of
inclusion of the complex in the paste, using unmodiﬁed and mod-
iﬁed pastes. The analytical curves obtained are shown in Fig. 2.
It can be clearly observed that inclusion of the complex in the
paste caused a 6.35-fold increase in sensitivity. Thus, to optimize
the response of the proposed sensor were studied the inﬂuence
of the amount of the complex in the paste preparation and other
analytical parameters, listed in Table 1, such as the electrolyte
(pH, buffer and concentration) and the applied potential, aiming
reach higher sensitivity and wider response range. The sensor
showed these characteristics in a 0.1 mol L1 phosphate buffer0.2 0.4 0.6 0.8 1.0
0.0
2.0x10-6
4.0x10-6
6.0x10-6
(A)
(B) Electrolyte
 [Diuron] = 4.5 x10-4mol L-1
i/A
Potential vs Ag/AgCl
Fig. 1. Proﬁle of voltammetric response of the proposed sensor. (A) 0.1 mol L1
phosphate buffer solution (pH 8.0); and (B) buffer solution containing 4.5 
10–4 mol L1 of diuron.
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Fig. 2. Analytical responses (Di vs. [diuron]) for (A) modiﬁed and (B) unmodiﬁed
carbon pastes, using amperometry in pH 8.0 phosphate buffer, with an applied
potential of 750 mV.
0.0 5.0x10 -5 1.0x10 -4 1.5x10 -4
-1
[Diuron] / mol L-1
Time / s
Fig. 3. Analytical curve obtained using amperometry under optimized conditions:
0.1 mol L1 phosphate buffer solution (at pH 8.0). Inset: Typical amperometric
curve for successive additions of 9.9  10–6 mol L1 of diuron.solution at pH 8.0 and applying a potential of 750 mV vs. Ag/AgCl
(KClsat). A typical response of the sensor under the optimized
conditions is shown in the Fig. 3 inset. The corresponding analyti-
cal curve (Fig. 3) showed a linear correlation coefﬁcient of
0.9990 to diuron at concentrations between 9.9  106 and 1.5 
104 mol L1, a sensitivity of 22817 (±261) lA L mol1, and detec-
tion and quantiﬁcation limits of 6.14  106 and 2  105 mol L1,
respectively. These limits were calculated as suggested by ANVISA
(the Brazilian National Health Surveillance Agency) [43], and these
values are in concordance with those obtained using other meth-
ods for the determination of diuron [13–17].
3.2. Evidence for the biomimetic behavior of the sensor
The biomimetic character of the sensor was ﬁrst evaluated
using diuron concentrations higher than the linear limit (1.5 
104 mol L1), which produced the expected hyperbolic proﬁle
(data not shown) characteristic of enzymatic biosensors and
biomimetic sensors [40,44,45]. In order to estimate the apparent
Michaelis–Menten constant ðKappMM), a double-reciprocal graph
(Fig. 4) was plotted, obtaining a straight line whose equation
enabled calculation of a KappMM value of 4.0  103 mol L1, indicative
of strong afﬁnity of the analyte for the sensing phase (the
nickel(II) complex). The KappMM value is in agreement with those
expected for biosensors and biomimetic sensors (between 106
and 103 mol L1).
A high degree of selectivity is essential for the effective use of
biomimetic sensors. The selectivity of the sensor for diuron detec-
tion was evaluated by observation of its response to 10 pesticides
soluble in the water/acetonitrile (1:4 v/v) solution. Of all the pesti-
cides analyzed, the sensor presented response only for diuron
(Fig. 5). This fact can be explained taking in consideration than
the amperometric response was previously optimized for the
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-1  /
 μ
Α
−
1
[Diuron]-1 / mol L-1
1/KappMM
Fig. 4. Michaelis–Menten double-reciprocal plot.
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Fig. 5. Amperometric proﬁle obtained for additions of different pesticides with
concentration of 2.91  10–5 mol L1 in the measurement cell.
Fig. 6. Proposed mechanism for the sensor response.
Table 2
Results obtained for the analysis of river water and soil samples collected near the
city of Araraquara – São Paulo – Brazil.
Samples (Diuron)/mol L1 Recovery (%)
Added Found (RSD)
River Jacaré-Guaçu 5.0  105 4.7  105 (3.6) 94
River Jacaré-Pepira 5.0  105 5.2  105 (2.9) 104
River Chibarro 5.0  105 5.0  105 (2.6) 101
Soil (0–10 cm) 5.0  105 4.8  105 (2.5) 95
Soil (10–20 cm) 5.0  105 5.3  105 (3.1) 105
Soil (20–40 cm) 5.0  105 5.3  105 (4.1) 106
RSD: relative standard deviation for three replicates.
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be mainly explained, based on the structure of these pesticides and
the possible mechanism of response of this sensor (Fig. 6). For the
organophosphates pesticides chlorpyrifos and profenofos; and for
the 2,4-D, ametrin, hexazinone, metribuzin and thiram, than have
chemical structures very different than the diuron, no response is
observed, since that there are not possibility of the oxidation of
these compounds through their dimerization, such as proposed
to occur with the diuron. On the other hand, the fact the sensor
not show response for 2,4-D, chlorpyrifos and profenofos, indicate
that the oxidation not occurs through the dehalogenation mecha-
nism in the benzoic ring. For molecules with similar chemical
structure of the analyte, carbedazin and carbofuran, probably the
oxidation of these molecules are not favored in the optimized con-
ditions for diuron, and can be oxidized in higher potential thus, will
not interfere in the detection of diuron, making the sensor highly
selective.
The results indicated that the proposed sensor could be consid-
ered to be biomimetic. A plausible mechanism for the sensor
response is shown in Fig. 6, based on the present results and those
reported previously [46]. There is an initial oxidation of the nicke-
l(II) ion in the complex, through an electrochemical step, generating
the active species (Ni3+). In the presence of diuron, reaction be-
tween the analyte and the oxidized complex reduces the nickel
and oxidizes the diuron, forming a dimeric species, as reported byMugadza and Nyokong [46]. This mechanism explains the ﬁnding
that the best results were obtained in basic medium, since the ex-
cess of hydroxyl groups in the medium enables the abstraction of
the hydrogen from the diuron molecule, forming the dimer. The
proposed mechanism is therefore based on an electrochemical sys-
tem of the type ECcat.
3.3. Application using environmental samples
The sensor was evaluated by the quantiﬁcation of diuron in for-
tiﬁed water samples from three rivers and in one fertile soil col-
lected at three different depths. The results were evaluated using
the recovery values for each sample. No matrix effects were ob-
served for any of the samples (Table 2), indicating that the sensor
was suitable for the selective quantiﬁcation of diuron in environ-
mental media.
4. Conclusions
To the best of our knowledge, this is the ﬁrst biomimetic sensor
reported for direct and selective pesticide detection. The results
showed that the presence of the mediator incorporated into the
sensor was essential for increased sensitivity and selectivity. The
88 A. Wong et al. / Journal of Electroanalytical Chemistry 690 (2013) 83–88sensor offers numerous advantages, including easy preparation,
good sensitivity, high selectivity, and low cost. The device has been
demonstrated to be suitable for analyses involving environmental
matrices. Further work is in progress, using carbon nanotubes in
the paste formulation in order to enhance the sensitivity of the
sensor. The results obtained will be reported in due course.
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